E-cadherin is a cell-cell adhesion molecule that plays a pivotal role in the development and maintenance of cell polarity. Disruption of E-cadherin-mediated adhesion represents a key step toward the invasive phenotype in a variety of solid tumors, including hepatocellular carcinoma (HCC). Here, we investigate whether deregulation of E-cadherin occurs along the multistep process of hepatocarcinogenesis in transgenic mouse models, including c-Myc, E2F1, c-Myc/TGF-a and c-Myc/E2F1 mice. Liver tumors from the transgenic mouse lines could be divided into two categories based on E-cadherin levels. Of 28, 20 (71.4%) c-Myc HCCs showed marked reduction of E-cadherin expression when compared with wild-type livers. In contrast, all of c-Myc/TGF-a and the majority of E2F1 and c-myc/E2F1 preneoplastic and neoplastic lesions exhibited overexpression of E-cadherin. Downregulation of E-cadherin was associated with promoter hypermethylation in seven of 20 c-Myc HCCs (35%), while no loss of heterozygosity at the E-cadherin locus was detected. Nuclear accumulation of b-catenin did not correlate with E-cadherin downregulation. Furthermore, c-Myc HCCs with reduced E-cadherin displayed upregulation of hypoxia-inducible factor-1a and vascular endothelial growth factor proteins. Importantly, loss of E-cadherin was associated with increased cell proliferation and higher microvessel density in c-Myc tumors. Taken together, these data suggest that loss of E-cadherin might favor tumor progression in relatively more benign HCC from c-Myc transgenic mice by stimulating neoplastic proliferation and angiogenesis under hypoxic conditions.
Hepatocellular carcinoma (HCC), one of the most common solid tumors worldwide, is characterized by poor prognosis and reduced survival. 1, 2 The severity of the clinical outcome depends upon the potential for invasiveness of the primary HCC, leading to a high rate of intrahepatic recurrence after treatment. At the clinical level, the invasive potential of HCC is determined by its ability to invade the Glisson's capsule or portal vein. 3, 4 However, the molecular mechanisms through which HCC acquires the invasive potential remain poorly understood.
Alterations affecting cell adhesion molecules are considered to play a critical role in the invasive process. Among these molecules, E-cadherin, a member of the cadherin family, is involved in homotypic, calcium-dependent cell-cell adhesion in epithelial tissues. 5 Physiologically, E-cadherin regulates a variety of morphogenetic events, including cell migration, separation and formation of boundaries between cell layers and differentiation of each cell layer into functionally distinct structures. The E-cadherin intracellular domain interacts with b-catenin and plakoglobin, which in turn bind to a-catenin. 5 The cadherin-catenin complex is connected through a-catenin to the actin filaments, forming a stable adherent junction. Loss or reduced expression of E-cadherin results in dedifferentiation, invasiveness, lymph node or distant metastasis in a variety of human neoplasms, including HCC. [6] [7] [8] [9] [10] Accordingly, in vitro studies have shown that Ecadherin overexpression inhibits cellular growth, transformation and invasiveness. 11, 12 Furthermore, forced expression of E-cadherin blocked the transition from adenoma to carcinoma in a transgenic model of pancreatic b-cell carcinogenesis. 13 Downregulation of E-cadherin is achieved by genetic mutations in combination with loss of heterozygosity (LOH) at the E-cadherin locus in carcinomas of the stomach, ovary, endometrium and breast. 14 In human HCC, inactivation of E-cadherin is often associated with LOH at the E-cadherin locus or epigenetic mechanisms. The latter include E-cadherin promoter hypermethylation or binding of transcriptional repressors such as Snail or Slug. [15] [16] [17] [18] [19] This body of evidence suggests that E-cadherin acts as a canonical tumor suppressor gene. However, recent reports indicate that the role of E-cadherin might be more complex than previously believed. Indeed, overexpression of E-cadherin has also been linked with the invasive potential of tumor cells, [19] [20] [21] [22] implying that enforced intercellular adhesion mediated by E-cadherin might favor the outgrowth of neoplastic clones with invasive properties. [19] [20] [21] [22] We have previously generated a number of transgenic mouse models prone to liver cancer, including c-Myc, E2F1, c-Myc/TGF-a and c-Myc/ E2F1. [23] [24] [25] These transgenic mice developed HCC with different morphological and biological features. In particular, coexpression of c-Myc with TGF-a or E2F1 resulted in a shorten tumor latency, higher incidence as well as in a more aggressive phenotype when compared with single transgenic lines. [23] [24] [25] In order to elucidate the role of E-cadherin in the sequential steps of liver carcinogenesis, we have analyzed the expression patterns of E-cadherin in a collection of preneoplastic and neoplastic liver lesions from c-Myc, E2F1, c-Myc/TGF-a and c-Myc/ E2F1 transgenic mice. In particular, we have investigated the relevance of genetic, epigenetic and transcriptional mechanisms on E-cadherin protein expression levels. Our data indicate that loss of E-cadherin contributes to HCC progression in c-Myc transgenic mice by promoting cell proliferation and angiogenesis, presumably through the upregulation of HIF-1a and VEGF proteins.
Materials and methods

Transgenic Mice
Generation of the Alb/c-Myc (c-Myc), Alb/E2F1 single-transgenic mice and Alb/c-myc/MT/TGF-a (c-myc/TGF-a) double-transgenic mice has been previously described. 23, 24 Double transgenic Alb/ c-myc/Alb/E2F1 (c-Myc/E2F1) mice were generated by crossing homozygous E2F1 (line 8) with homozygous c-Myc (line 166.8) mice. 25 Animal housing and care were in accordance with National Institutes of Health guidelines.
Tissue Specimens, Histopathological Analysis and DNA Extraction
Normal, preneoplastic and neoplastic liver tissues were obtained from male mice at different ages (3-20 months). They were dissected and divided into two parts: half was stored at À801C and the other half was fixed in 10% formalin and embedded in paraffin blocks. Sections were stained with hematoxylin and eosin (H&E). Histopathological diagnoses were based upon criteria described in Frith et al 26 and high molecular weight DNA was isolated from frozen mouse liver and tumor tissues as reported. 27 
Immunohistochemistry
Immunohistochemical staining was performed on 10% formalin-fixed, paraffin-embedded sections. Deparaffinized sections were incubated in 3% H 2 O 2 dissolved in methanol for 20 min and microwaved in Antigen Unmasking Solution (Dako Corporation, Carpinteria, CA, USA) for 12 min. The mouse monoclonal anti-b-catenin, anti-E-cadherin (Transduction Laboratories, Lexington, KY, USA; dilution 1:100), anti-PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:1000), anti-CD34 (Vector Laboratories, Burlingame, CA, USA; 1:40) and rabbit polyclonal anti-phosphohistone H3 (Upstate USA, Lake Placid, NY, USA; 1:250) antibodies were applied. Immunoreactivity was visualized with the Vectastain Elite ABC kit (Vector Laboratories) and 3,3 0 DAB (Dako Corporation) as the chromogen. Slides were counterstained with Gill's hematoxylin. For E-cadherin staining, immunolabeling of the interlobular biliary epithelial cells was used as internal positive control. Intensity of Ecadherin immunoreactivity in preneoplastic and tumor samples was graded by comparison with staining obtained in eight wild-type livers. The scores were determined as follows: loss, when the lesion displayed marked reduction or loss of immunostaining compared to the normal livers; unchanged, when the immunoreactivity was similar between wild-type and transgenic lesions; overexpression, when intensity was higher in the transgenic lesion compared to the wild-type livers.
Western Blot Analysis
Hepatic tissue samples were homogenized and sonicated in lysis buffer as previously described. 28 Protein concentration was determined with the BioRad Protein Assay Kit (Bio-Rad, Hercules, CA, USA), using bovine serum albumin as standard. Aliquots of 50 mg were denatured by boiling in TrisGlycine SDS Sample Buffer (Novex, San Diego, CA, USA), separated by SDS-PAGE and transferred onto nitrocellulose membranes by electroblotting. The following antibodies were applied: mouse monoclonal anti-E-cadherin (Transduction Laboratories; 1:1000), anti-HIF-1a (Novus Biologicals, Littleton, CO, USA; 1:1000), anti-VEGF (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:200), goat polyclonal anti-Snail (Santa Cruz Biotechnology), rabbit polyclonal anti-Slug and anti-Wilms' tumor-1 (WT1) (Santa Cruz Biotechnology; 1:200). Each primary antibody was followed by incubation with horse radish peroxidase (HRP)-secondary antibody diluted 1:5000 for 1 h and revealed with the Super Signal West Pico (Pierce Biotechnology Inc., Rockford, IL, USA). Equal loading was assessed by probing the same membranes with the mouse anti-actin antibody (Chemicon International, Temecula, CA, USA; 1:2000).
Microsatellite Analysis of the E-cadherin Locus
Eight 4-month-old wild-type mice (4 B6CBA and 4 [B6CBA Â CD1] F1) were used as controls and 88 HCCs (28 tumors from c-Myc, 20 tumors each from E2F1, c-Myc/TGF-a, and c-Myc/E2F1, respectively) were analyzed for microsatellite alterations at the E-cadherin locus through D8Mit151, D8Mit313, D8Mit12, and D8Mit138 primers, which were purchased from Research Genetics (Huntsville, AL, USA). The microsatellite primer sequences and product sizes are shown in Table 1 . The PCR was carried out in a reaction volume of 10 ml consisting of 0.4 mM each primer, 200 mM each dNTP, 10 Â PCR buffer, 0.4 U of FastStart Taq DNA Polymerase (Roche Molecular Biochemicals, Indianapolis, IN, USA) and 20 ng of template DNA, with an initial activation step at 951C for 6 min, followed by 35 cycles (951C for 30 s, 551C for 45 s, 721C for 1 s) and a final extension at 721C for 10 min. After denaturation at 991C in TBE-Urea Sample Buffer (Novex), 12 ml of each mixture were electrophoresed at 170 V for 50 min and visualized by SYBR Green I Nucleic Acid Gel Stain (Novex) according to the manufacturer's protocol. LOH was recorded when a 50% or greater reduction in electrophoretic band intensity was detected. Microsatellite instability (MSI) was identified by the presence of band shifts or novel bands in the PCR product.
Methylation-Specific PCR Analysis of the E-cadherin Promoter
Genomic DNA from wild-type and transgenic mice was modified by using the CPGenome DNA Modification Kit (Serologicals Corporation, Norcross, GA, USA). Primer pairs were designed to detect the unmethylated and the methylated status of the E-cadherin promoter (Table 1) . Primers amplify the entire GC-rich region of the E-cadherin promoter, which has been previously characterized. 29, 30 A total of 30 ng of DNA was amplified in a reaction volume of 10 ml consisting of 0.4 mM each primer, 200 mM each dNTP, 10 Â PCR buffer, 5 Â GC-RICH solution, and 0.4 U of FastStart Taq DNA Polymerase (Roche Molecular Biochemicals), with an initial activation step at 951C for 6 min, followed by 35 cycles (951C for 30 s, 601C for 45 s, 721C for 1 s) and a final extension at 721C for 10 min. E-cadherin promoter methylation was confirmed by direct sequencing of both strands by using the same set of methylationspecific primers.
Quantitation of Mitotic and PCNA Indices, Tumor Size
Mitotic and PCNA indices were scored on c-Myc HCCs from eight mice per group and at least 2000 hepatocyte nuclei per animal were counted. Indices were determined by counting phosphohistone H3-and PCNA-positive cells after counterstaining with hematoxylin, respectively. At least 2000 nuclei were counted per mouse. The indices were represented as a percentage (mean þ s.e.) of the total cells counted. Tumor size was measured in mm 2 on H&E-stained sections obtained from the central part of HCCs using the ImageJ software.
Quantitation of Apoptosis
Apoptotic index was calculated by counting the apoptotic figures per at least 2000 hepatocytes on tumor sections. Eight mice per group were evaluated. Sections were stained with the ApoTag peroxidase in situ apoptosis detection kit (Serologicals Corporation) and expressed as percentage of the total number of counted cells. Indices were represented as a percentage (mean þ s.e.) of the total cells counted.
Evaluation of Microvessel Density
Eight HCC per group were subjected to immunostaining with mouse monoclonal anti-CD34 antibody (Vector Laboratories). The tumors were first 
Results
Histopathology and Incidence of HCC in Transgenic Mice
Since overexpression of TGF-a, c-Myc and E2F1 has been frequently found in human and rodent HCC, [23] [24] [25] 31 we have generated c-Myc, c-Myc/TGF-a, E2F1, and c-Myc/E2F1 transgenic mice to investigate the role played by these genes in the malignant growth of the liver. [23] [24] [25] 31 Although both single transgenic lines were prone to liver cancer, c-Myc mice developed tumors more slowly and with lower incidence than E2F1 mice ( Table 2) . Coexpression of two transgenes, either c-Myc/E2F1 or c-Myc/TGF-a, significantly accelerated the course of HCC development. In double transgenic mice, tumors arose faster and were more malignant than in either of single transgenic mice (Table 2 ; Calvisi et al 28 ) . HCCs arising in c-Myc/TGF-a mice were particular aggressive and most of them died by 12-14 months of age. 23 
E-cadherin Immunohistochemistry and Western Blot Analysis
In order to determine E-cadherin expression in wildtype and transgenic livers, immunohistochemical analysis was performed. Ductular epithelial cells showed intense E-cadherin immunolabeling in the portal space. Wild-type and dysplastic hepatocytes from c-Myc transgenic mice exhibited a faint Ecadherin immunoreactivity limited to the basal membrane (Figure 1a) (Table 3 ). In striking contrast, dysplastic hepatocytes from E2F1, c-Myc/TGF-a and c-Myc/E2F1 displayed increased membranous staining (Figure 1b (Figure 2 ). In particular, the highest levels of E-cadherin expression were observed in the more malignant HCCs from c-Myc/ TGF-a transgenic mice. These data indicate that downregulation of E-cadherin is a signature of tumor progression in the majority of c-Myc transgenic mice, whereas increased E-cadherin is characteristic of c-Myc/TGF-a, E2F1, and c-Myc/E2F1 preneoplastic and neoplastic lesions. 
E-cadherin deregulation in transgenic mice
DF Calvisi et al
LOH and Promoter Methylation Status Analysis
Since reduction or loss of E-cadherin expression is primarily determined by LOH at the E-cadherin locus or by its promoter hypermethylation in human HCC, 16, 17, 19 we have determined the status of the Ecadherin locus and promoter methylation in the same collection of wild-type livers and tumors from transgenic mice by microsatellite analysis and methylation-specific-PCR (MSP-PCR), respectively. Wild-type livers and HCCs, regardless of their origins, showed the absence of LOH at the Ecadherin locus (Figure 3a, b) . E-cadherin promoter was not hypermethylated in wild-type, c-Myc/TGFa and E2F1 livers. No E-cadherin promoter hypermethylation was detected in c-Myc and c-Myc/E2F1 HCCs with normal levels of E-cadherin protein. In striking contrast, seven of 20 (35%) of c-Myc and two of four (50%) of c-Myc/E2F1 HCCs with downregulation of E-cadherin displayed E-cadherin promoter hypermethylation (Figure 3c ). These results suggest that promoter hypermethylation might be responsible for E-cadherin downregulation in a subset of c-Myc and c-Myc/E2F1 HCCs.
Western Blot Analysis of Snail, Slug, HIF-1a, VEGF and WT1
Recent studies have shown that E-cadherin expression can be suppressed in cancer by specific transcription factors, including Snail, Slug, SIP1 and E12/E47. 15, 18, 19, [32] [33] [34] [35] In particular, Snail downregulates the expression of E-cadherin by induction of hypoxia-inducible factor-a (HIF-1a; 36 ). On the other hand, WT1 directly transactivates E-cadherin, suggesting that loss of WT1 may also repress the Ecadherin gene. 37 In order to assess whether similar relationships exist in mouse hepatocarcinogenesis, we have determined the expression levels of Snail, Slug, HIF-1a and WT1 by Western blot analysis in the same collection of mouse HCCs. The results of our analysis are shown in Figure 2 . Snail expression was detected in all (28/28) c-Myc HCCs regardless of E-cadherin protein levels. In addition, 2/20 (10%) E2F1 and 6/20 (30%) c-Myc/TGF-a tumors displayed induction of Snail. High levels of Slug were observed in all c-Myc and c-Myc/E2F1 HCCs, whereas it was more rarely upregulated in E2F1 (4/ 20, 20%) and not induced in c-Myc/TGF-a corresponding liver lesions. HIF-1a was upregulated in all HCCs from the four transgenic lines. However, the highest levels of HIF-1a were observed in c-Myc and c-Myc/E2F1 HCCs with reduced levels of Ecadherin, suggesting that E-cadherin loss reinforces HIF-1a induction. Since hypoxia upregulates the expression of the proangiogenic factor VEGF, 38, 39 we have determined the levels of VEGF protein in the same samples. Strikingly, c-Myc and c-Myc/E2F1 HCCs with low E-cadherin displayed high levels of VEGF, whereas VEGF was not induced in c-Myc/ TGF-a, E2F1 and in the majority of c-Myc/E2F1 lesions with overexpression of E-cadherin. c-Myc HCCs with an intact E-cadherin also showed induction of VEGF, but less pronounced. Therefore, similar to HIF-1a, E-cadherin loss further stimulates the induction of VEGF. Furthermore, we have determined WT1 expression levels in all transgenic lines. All c-Myc, E2F1 and c-Myc/E2F1 malignant lesions did not show any significant differences in the levels of WT1 protein when compared with wild type. In striking contrast, WT1 protein was not expressed in c-myc/TGF-a HCCs, in accordance E-cadherin deregulation in transgenic mice DF Calvisi et al with the frequent LOH at the WT1 locus in the same transgenic mice. 40 Although E-cadherin is a WT1 direct target gene, 37 the present findings indicate that E-cadherin expression can be regulated by alternative pathways in the liver, as previously described in Wilms' tumors. 41 
Comparative Immunohistochemical Analysis of E-cadherin and b-catenin
A body of evidence indicates that disruption of E-cadherin/catenin binding leads to nuclear translocation of b-catenin. [41] [42] [43] In order to assess whether E-cadherin downregulation is associated with activation of b-catenin, we have determined the cellular localization of b-catenin in the same collection of preneoplastic and neoplastic lesions. As shown in Table 2 , b-catenin activation displayed a different staining pattern when compared with E-cadherin immunohistochemical data. Nuclear accumulation of b-catenin was extremely frequent in c-Myc/E2F1 preneoplastic (14/20, 70%) and neoplastic lesions (15/20, 75%). c-Myc preneoplastic and neoplastic lesions displayed an intermediate incidence (32.1 and 35.7%, respectively), whereas b-catenin activation was rare and limited to HCCs in c-Myc/TGF-a and E2F1 (2/20 and 1/20, respectively) transgenic mice. In c-Myc and c-Myc/E2F1 transgenic mice, b-catenin nuclear accumulation was detectable in preneoplastic focal lesions in accordance with our and others previous findings, 28, 39, [44] [45] [46] whereas loss or reduction of E-cadherin was present only in fully malignant HCCs (Figure 1c, e) . Furthermore, only a fraction (5/20, 25%) of c-Myc HCCs with nuclear accumulation of b-catenin displayed a concomitant E-cadherin downregulation (Figure 1e, f) suggesting that loss of E-cadherin is per se not able to induce nuclear translocation of b-catenin, as described in human HCC. 19 Taken together, these results show that b-catenin activation and suppression of Ecadherin are two distinct and independent mechanisms in c-Myc-induced hepatocarcinogenesis.
Cell Proliferation, Apoptosis and Tumor Size
A body of evidence suggests that E-cadherin is involved in the control of both cell proliferation and apoptosis. [11] [12] [13] 47 To better define the functional consequence of E-cadherin downregulation during c-Myc-driven hepatocarcinogenesis, we have determined the mitotic and apoptotic indices in HCCs from c-Myc transgenic mice with reduced or normal levels of E-cadherin. The mitotic index was significantly higher in c-Myc HCCs with E-cadherin downregulation when compared with HCCs with unchanged E-cadherin (1.29 and 0.98, respectively; Po0.0005; Figure 4a ). The same difference was revealed by the PCNA-labeling index (20.36 and 15.21, respectively; Po0.0007; Figure 4b ). Furthermore, c-Myc HCCs with downregulation of Ecadherin exhibited a significantly larger tumor size when compared with E-cadherin wild-type HCCs (128.1 and 100.1, respectively; P ¼ 8.95E-05; Figure  4e ). In contrast, the apoptotic index was similar among the two groups of HCCs (1.88 and 1.84, respectively; P ¼ 0.75; Figure 4c ). Collectively, these data indicate that loss of E-cadherin is associated with increase in cell proliferation but not with inhibition of apoptosis during c-Myc liver carcinogenesis.
Microvessel Density
Since downregulation of E-cadherin was associated with increased protein levels of the proangiogenic proteins HIF-1a and VEGF, we have determined MVD in c-Myc HCCs with low or normal levels of E-cadherin. Strikingly, the MVD index was significantly higher in HCCs with downregulation of E-cadherin when compared with tumors with unchanged E-cadherin (102.98 and 74.08, respectively; Po0.0003; Figure 4d ). Taken together, these results suggest that reduction of E-cadherin might contribute to angiogenesis in c-Myc HCCs.
Discussion
Deregulation of E-cadherin expression has been established as an important step during tumorigenesis in a variety of human tumors, including HCC. [6] [7] [8] [9] [10] Here, we show that loss of E-cadherin is a molecular signature of HCC progression in the more benign tumors developed by c-Myc single transgenic mice. The molecular mechanisms underlying downregulation of E-cadherin in c-Myc tumors remain poorly understood at present. No LOH at the Ecadherin locus was detected in c-Myc HCCs, whereas only a subset of c-Myc tumors displayed hypermethylation of the E-cadherin promoter. Furthermore, no association was detected between E-cadherin downregulation and protein levels of transcriptional repressors Snail, Slug or the tumor suppressor WT1, in disagreement with the finding that overexpression of Snail suppresses E-cadherin in human HCC. 15, 18 In c-Myc HCCs, it is possible that E-cadherin loss might depend upon genetic mutations in the E-cadherin gene or by complex mechanisms, mainly operating at the transcriptional level. However, it is more likely that c-Myc overexpression directly downregulates E-cadherin. Although c-Myc activates expression of the Ecadherin gene in epithelial cells, 48 only wild-type c-Myc is able to transactivate the E-cadherin promoter, whereas the two isoforms of the c-Myc protein alone repress the same promoter. 49 Therefore, disruption of the ratio between the two c-Myc proteins induced by the c-Myc transgene might suppress E-cadherin expression in c-Myc malignant lesions. 49 In accordance with this hypothesis, conditional induction of the c-Myc transgene led to suppression of E-cadherin in a pancreatic model of b-cell oncogenesis, suggesting that E-cadherin downregulation is a direct consequence of c-Myc activation. 50 Only c-Myc and a minority of c-Myc/E2F1 HCCs displayed loss of E-cadherin, whereas c-Myc coexpression with TGF-a or E2F1 resulted more often in E-cadherin upregulation. Nonetheless, the increase of E-cadherin levels might also have a distinct functional role during tumor progression of the more malignant c-Myc/ TGF-a, c-Myc/E2F1, and E2F1 HCCs. Indeed, Ecadherin expression seems to be beneficial for intraepithelial expansion and invasiveness in a variety of solid tumors, as well as for intrahepatic metastasis of HCC. [19] [20] [21] [22] Furthermore, previous studies showed that human HCC can be subdivided into two distinct categories which are characterized by loss or upregulation of E-cadherin, respectively. 19, 51 Importantly, the latter group was correlated significantly with the invasive potential of tumor cells, 19 further supporting the theory that Ecadherin overexpression is required at some steps of the tumor process. Therefore, E-cadherin might play different and apparently opposite roles, which depend on specific tumor requirements in human and murine liver carcinogenesis. A number of studies have previously investigated the relationship among E-cadherin levels, cell proliferation and apoptosis in a variety of models, but not in mouse HCC. Here, we report for the first time that the loss of E-cadherin is associated with increased cell proliferation in c-Myc HCCs, whereas the apoptotic rate is not affected by E-cadherin downregulation. Although the molecular mechanisms underlying the promotion of cell proliferation in c-Myc HCCs remain to be addressed, we have identified HIF-1a and VEGF as potential target genes of E-cadherin disruption. All HCCs from the four transgenic lines displayed upregulation of HIF-1a, but the highest expression levels were detected in c-Myc and cMyc/E2F1 tumors that had lost E-cadherin. These data suggest that downregulation of E-cadherin might depend upon HIF-1a upregulation, as recently described in ovarian carcinoma cells. 36 However, it is also possible that E-cadherin downregulates HIF-1a and E-cadherin reduction leads to HIF-1a upregulation. HIF-1a is a heterodimeric transcription factor that regulates the transcription of genes involved in angiogenesis, glucose metabolism, cell differentiation and migration, cell proliferation and viability, CO 2 metabolism, and ATP production.
Since these functions are essential for tumor progression, HIF-1a upregulation might represent a fundamental step during c-Myc hepatocarcinogenesis. In addition, c-Myc HCCs exhibited a remarkable induction of VEGF, in accordance with previous data showing that c-Myc is angiogenic in multiple cell types by its ability to induce VEGF. 53 Again, VEGF upregulation was more pronounced in tumors with low levels of E-cadherin, suggesting that loss of E-cadherin facilitates VEGF upregulation. Strikingly, VEGF levels were very low in the more aggressive HCCs from E2F1, c-Myc/TGF-a and c-Myc/E2F1, suggesting that angiogenesis is promoted by other growth factors in these accelerated models of liver cancer. In accordance with this hypothesis, previous reports 54, 55 have shown that VEGF expression did not correlate with angiogenesis or any clinicopathological features of human HCC, suggesting that angiogenesis of HCC may be mediated by other proangiogenic molecules. Indeed, more recent findings indicate that expression of angiopoietin 2, tissue factor and angiogenin are associated with tumor vascularity in HCC. [56] [57] [58] Similarly, our preliminary data showed that induction of different angiogenin isoforms correlated with the adenoma/carcinoma transition in c-Myc/TGF-a liver tumors. 59 In addition to its adhesive properties, E-cadherin displays the potential to suppress cell proliferation and transformation by inhibiting Wnt/bcatenin signaling. [41] [42] [43] Therefore, downregulation of E-cadherin is a major mechanism underlying nuclear translocation of b-catenin. In accordance with human HCC, 19, 48 our present data show that b-catenin activation is not correlated with loss of E-cadherin, suggesting that other members of the cadherin family might retain b-catenin in membranous complexes. Importantly, activation of b-catenin and loss of E-cadherin represent two distinct molecular mechanisms involved in c-Myc hepatocarcinogenesis providing advantages at the early and late stages of tumor development respectively.
In summary, the present study shows that, similar to human HCC, E-cadherin levels identify two distinct categories of liver cancer in transgenic mice. The first group, which is mainly represented by c-Myc transgenic mice, displayed loss of E-cadherin during tumor progression. Downregulation of E-cadherin was associated with higher levels of HIF-1a and VEGF proteins, increased cell proliferation, larger tumor size and more elevated MVD. These data suggest that loss of E-cadherin might favor the growth and invasion by inducing proliferation under hypoxic conditions and angiogenesis in the relatively benign c-Mycinduced hepatocarcinogenesis. In contrast, the second group, best exemplified by c-Myc/TGF-a transgenic mice, showed marked upregulation of E-cadherin starting from preneoplastic lesions. Whether E-cadherin upregulation also promotes growth and/or survival of neoplastic hepatocytes remains to be determined.
